Abstract: Evaluation of orchardgrass families at two Utah locations identified significant genetic variation for winter injury but not for flowering or biomass production. Repeatability estimates ranged from 0.06 (biomass production) to 0.65 (winter hardiness). This population has utility for the development of cultivars with increased winter hardiness.
Winter injury, often resulting in mortality, is one of the more limiting aspects of orchardgrass (Dactylis glomerata L.) production (Sanada et al. 2007) . At higher latitudes and elevations, orchardgrass is often replaced by species that are less susceptible to winter injury and mortality, such as tall fescue [Lolium arundinaceum (Schreb.) Darbysh.] and timothy (Phleum pratense L.). A possible method to identify more winter hardy material is the use of novel germplasm. Previous studies found that exotic germplasm exhibit higher levels of winter hardiness than local populations (Nakayama and Abe 1996; Sanada et al. 2007 ). To locate potentially more winter hardy germplasm, collections were made at 29 high location sites in central Utah. The resulting families developed from two cycles of selection for increased winter hardiness are the subject of this study. The objectives of this study were to (i) characterize the genetic variation associated with winter hardiness, biomass, and flowering in these families and (ii) compare the performance of the developed families with common commercial check cultivars of orchardgrass to determine potential breeding merit.
Fifty-four orchardgrass half-sib families, six orchardgrass cultivars, and one tall fescue cultivar were seeded (20 kg ha −1 ) at Millville and Panguitch, UT ( Fig. 1) , in August 2015. Plots were 2 m 2 and consisted of 5 rows 2 m in length. Millville is 1380 m above sea level, receives 490 mm of annual precipitation, has a mean January minimum temperature of −10°C, and has a mean January snow cover of 130 mm. Panguitch is 1990 m above sea level, receives 260 mm of annual precipitation, has a mean January minimum temperature of −11°C, and has a mean January snow cover of 25 mm (Prism Climate Group 2017; Western Regional Climate Center 2017). Supplemental irrigation was used at both locations to establish and maintain the plots. In April 2016, plots were scored for winter injury using a 1-9 rating scale (where 1 is dead and 9 is no apparent injury) and the grid method of Vogel and Masters (2001) to estimate spring green cover of live plant material. Plots were then harvested four times during 2016. The first harvest was in late May, with the subsequent harvests taking place at roughly 6-wk intervals until late September. Prior to the second harvest, the number of flowering stems was counted in each plot (aftermath flowering). Due to severe winter mortality, there was insufficient biomass at the Panguitch location for harvest or aftermath flowering data collection. Additionally, there was no evident winter injury at the Millville location. Data are presented for winter injury only from Panguitch and for biomass production and aftermath flowering only from Millville.
Data were analyzed using a random model. Autoregressive components were included to model spatial variation (Smith and Casler 2004) and repeated measures. Variance components were used to estimate repeatability for each trait using a model that excluded the check values. Due to selection in the family development, repeatability (Betrán et al. 2006) , rather than heritability, was used to characterize the influence of genetic factors on phenotype. The equation for repeatability
, where σ 2 g = genetic variation, σ 2 e = error variance, and r = replication. Best linear unbiased predictors (BLUPs) with least significant differences were estimated for each trait. Simple phenotypic correlations were estimated between each of the traits.
There were marked differences between Panguitch and Millville during the winter of 2015 and 2016 (Weather Underground 2017). The mean minimum temperature at Panguitch was −12°C and the lowest temperature was −27°C. Panguitch received 37 mm of precipitation in the form of snowfall. In contrast, the mean minimum temperature at Millville was −8°C and the lowest temperature was −24°C. Millville received 105 mm of precipitation in the form of snowfall.
There was strong evidence of genetic variation for winter hardiness (σ 2 g = 1.1 ± 0.4) and green color in spring (σ 2 g = 6.8 ± 3.0). There was little evidence for genetic variation for aftermath flowering (σ 2 g = 1.6 ± 1.4) or for biomass production (σ 2 g = 0.17 ± 0.19). The corresponding repeatability estimates were 0.65 ± 0.22, 0.38 ± 0.17, 0.22 ± 0.19, and 0.06 ± 0.07 for winter injury, spring green color, aftermath flowering, and biomass production, respectively. The repeatability estimates provided evidence of genetic control of winter hardiness in the population but not for aftermath flowering or biomass production.
There were differences among the estimated BLUPs for each trait except biomass production ( Table 1) . Three of the orchardgrass half-sib families possessed winter hardiness similar to that of tall fescue cultivar 'Fawn' (7.2): family 9.1 (5.5), family 9.6 (5.3), and family 6.3 (5.3). Cultivars exhibited winter hardiness scores ranging from 2.8 ('Benchmark Plus') to 4.3 ('Bruno'). Based on associated least significant difference values, the three families with the highest winter hardiness all exhibited winter hardiness higher than that of 'Bruno', which was the cultivar with the highest winter hardiness. Between 4 and 34 half-sib families exhibited higher winter hardiness than each of the remaining cultivars.
Seventeen orchardgrass families and the cultivar 'Potomac' exhibited spring green cover similar to 'Fawn' (21.2), with values ranging from 15.8 to 18.4. Thirty-seven entries, including all the check cultivars except 'Latar', exhibited similarly low aftermath flowering and differed from the entry with the highest number of flowers. Families 9.1 and 9.6 both exhibited high winter hardiness, high spring green cover, and low aftermath flowering. In addition to families 9.1 and 9.6, 14 families and the cultivar 'Potomac' exhibited high spring green cover and low aftermath flowering. The correlation estimate between winter hardiness and spring green color (r = 0.82, P < 0.0001) was the only trait correlation estimate that differed from zero (Table 2) .
These populations adapted to site conditions at high elevation US environments through natural selection over time. Natural selection can be an effective prebreeding method prior to incorporation of material into a formal breeding program (Fjellheim et al. 2007 ). Prevailing winter temperatures at the site of origin are the most important factor determining potential winter hardiness (Abe 1980) . The origins for these populations are characterized by cold winter temperatures and varying levels of snow cover. Snow cover acts as insulation that protects perennial plants from the effects of low winter temperatures (Kreyling et al. 2012) . It can be difficult to determine effective temperature at the plant level due to the influence of snow. This was reflected by the behavior of the orchardgrass families at the two locations used in this study. While both are high elevation locations, they differed not only in their winter temperatures but also in depth of snow cover. Panguitch had lower temperatures and less snow than Millville. The relatively mild winter temperatures and high snow cover at Millville resulted in no appreciable winter injury to the plants. This precluded not only the collection of data from both locations but also the comparison of genotype × environment effects on orchardgrass winter hardiness. This study resulted in a repeatability estimate of 0.65 (Betrán et al. 2006) . A previous estimate of orchardgrass winter hardiness heritability was between 0.50 and 0.72 (Tronsmo 1993) . The values are consistent despite the use of controlled environments and locally developed plant materials in the 1993 study. Despite excellent winter hardiness, the orchardgrass families possessed less potential for improvement of aftermath flowering and biomass production. This is consistent with previous findings that exotic orchardgrass possessed high winter hardiness in a new environment but lacked overall agronomic quality (Nakayama and Abe 1996; Sanada et al. 2007 ). These orchardgrass families have utility for the development of winter hardy cultivars or as inclusion into an orchardgrass breeding program based on overall agronomic improvement of orchardgrass with increased winter hardiness being one of the goals. Note: -, no value. a P < 0.0001.
